Ebola viruses remain a substantial threat to both civilian and military populations as bioweapons, during sporadic outbreaks, and from the possibility of accidental importation from endemic regions by infected individuals. Currently, no approved therapeutics exist to treat or prevent infection by Ebola viruses. Therefore, we performed an in vitro screen of Food and Drug Administration (FDA)-and ex-US-approved drugs and selected molecular probes to identify drugs with antiviral activity against the type species Zaire ebolavirus (EBOV). From this screen, we identified a set of selective estrogen receptor modulators (SERMs), including clomiphene and toremifene, which act as potent inhibitors of EBOV infection. Anti-EBOV activity was confirmed for both of these SERMs in an in vivo mouse infection model. This anti-EBOV activity occurred even in the absence of detectable estrogen receptor expression, and both SERMs inhibited virus entry after internalization, suggesting that clomiphene and toremifene are not working through classical pathways associated with the estrogen receptor. Instead, the response appeared to be an off-target effect where the compounds interfere with a step late in viral entry and likely affect the triggering of fusion. These data support the screening of readily available approved drugs to identify therapeutics for the Ebola viruses and other infectious diseases. The SERM compounds described in this report are an immediately actionable class of approved drugs that can be repurposed for treatment of filovirus infections.
INTRODUCTION
Filoviruses (Ebola virus and Marburg virus) are responsible for some of the most lethal viral hemorrhagic fevers. The genus Ebolavirus includes five species of Ebola virus with case fatality rates up to 90%, whereas the single Marburg virus has different isolates with differing mortality rates (20 to 90%). Natural outbreaks of filoviruses in humans have been reported in the Democratic Republic of the Congo, Republic of the Congo, Sudan, Uganda, Angola, and Gabon. Filovirus illness is characterized by fever, myalgia, headache, and gastrointestinal symptoms, and patients may also develop a maculopapular rash (1) . Fatal outcomes correlate with increased viremia, convulsions, and disseminated intravascular coagulation (1) . The filoviruses are grave viral threats that continue to infect humans as well as nonhuman primates (NHPs) (2) . There is a great concern about the potential for accidental importation from endemic regions by infected humans before the onset or diagnosis of the disease, and that filoviruses may be used as a biological weapon (3) .
Although effective drugs have been found to treat several other viral diseases, there are currently no approved therapeutics (small molecule or biologic) to prevent or treat filovirus infections. Therefore, it is important to develop therapeutics that can be used for prophylaxis and as antiviral agents against filovirus infection.
A high-throughput assay for Zaire ebolavirus (EBOV) has been developed using the recombinant EBOV engineered to express the enhanced green fluorescent protein (eGFP) established by Towner et al. (4) . The insertion of the eGFP gene into the EBOV genome allows for the detection of infected cells by flow cytometry, fluorimetry, fluorescence microscopy, and high-content imaging. The eGFP-expressing EBOV retains the infection and replication characteristics of the parent virus in vitro (4) . The eGFP-EBOV offers great utility for screening because this virus targets the complete virus life cycle and offers a higher throughput of drug screening than traditional plaque assays and yield reduction assays. Such a cell-based assay can be used to identify inhibitors that target both viral and host pathways relevant to viral replication, and the activity of "hit" compounds can be confirmed using native isotypes. The identification of active compounds from this type of screen also may be helpful in identifying the critical pathways or targets that are essential for viral replication.
We conducted a cell-based screen of Food and Drug Administration (FDA)-and ex-US-approved drugs and molecular probes to identify inhibitors of Ebola viruses using the eGFP-EBOV assay. This screen identified many approved drugs and probes with previously undocumented anti-EBOV activity, including the selective estrogen receptor modulators (SERMs) clomiphene and toremifene. SERM activity involves binding of the ligand SERM to the estrogen receptor (ER), a member of the nuclear receptor superfamily, causing conformational changes that facilitate interactions with coactivator or corepressor proteins and subsequently initiate or suppress transcription of target genes. SERM activity is intrinsic to each ER ligand, which accomplishes its profile by specific interactions in the target cell, leading to tissue-selective actions [reviewed in (5) and (6)]. Clomiphene (brand names Clomid and Serophene) is used to treat female infertility due to anovulation. Toremifene (brand name Fareston) is approved for the treatment of advanced metastatic breast cancer.
We used clomiphene and toremifene to further characterize the mechanism by which these drugs affected Ebola virus infection. We confirmed the anti-EBOV activity of clomiphene and toremifene in mouse infection models. We demonstrated that expression of the ER was not required for clomiphene inhibition of EBOV infection, suggesting that these drugs are not acting through their known targets. Follow-up work with EBOV virus-like particle (VLP) entry assays indicated that these drugs inhibit EBOV VLP entry after binding and internalization. Together, these findings suggest that clomiphene and toremifene inhibit EBOV infection through pathways unrelated to the classical estrogen pathway.
RESULTS

Clomiphene and toremifene inhibit EBOV infection in vitro
We identified a set of compounds known to modulate ER-a ( fig. S1 ) from a screen of FDA-and ex-US-approved drugs and molecular probes (7) . Some of the strongest antiviral activity was observed with the ER antagonists, including clomiphene, toremifene, tamoxifen, and raloxifene ( fig. S1 ). The ER antagonist diethylstilbestrol also inhibited EBOV infection but to a lesser extent. Additionally, we observed antiviral activity with ER agonists: hydroxyprogesterone caproate, equillin, and quinestrol ( fig. S1 ). Clomiphene and toremifene were selected for confirmatory studies using an eight-point dose response in Vero E6 cells, where the active drug concentrations could be refined and an accurate inhibitory concentration of 50% (IC 50 ) determined (Fig. 1) . We evaluated the antiviral activity in human HepG2 cells to rule out mechanisms that may be distinctive to the monkey-derived Vero E6 cell line (Fig. 1) . The antiviral activities of both clomiphene and toremifene were confirmed in both the Vero E6 and HepG2 cell lines. Although toremifene showed no impact on cell proliferation in both Vero E6 cells and HepG2 cells, we did observe that clomiphene inhibited HepG2 cell proliferation at the higher concentrations evaluated.
To exclude the possibility that antiviral activity observed with clomiphene and toremifene was specific to the engineered eGFP-EBOV strain, which is somewhat attenuated in vivo (8), we further tested the antiviral activity of clomiphene and toremifene against different species of Ebolavirus, namely, Zaire ebolavirus [EBOV/Kik (also known as EBOV-95) and EBOV/May (also known as EBOV-76)] and Sudan ebolavirus (SUDV), as well as two members of the species Marburg marburgvirus, Marburg virus (MARV) and Ravn virus (RAVV). The activity of the compounds against the native strains was evaluated by both cell-based enzyme-linked immunosorbent assay (ELISA) and quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR). For the ELISA, viral isolates were used to infect Vero E6 cells in the presence of vehicle, clomiphene, or toremifene (concentration ranges of 0.08 to 20 mM); inhibition of viral infection was assessed at 48 hours after infection by fixing cells and staining with antibodies specific to the viral glycoproteins. The ELISAs demonstrated that the compounds inhibited viral infection of all the native strains tested (Figs. 2 and 3) . Table 1 shows the IC 50 and maximum inhibition observed with the compounds across the strains evaluated. The qRT-PCR results confirmed that clomiphene and toremifene were active against the native Ebola virus species as well as MARV ( fig. S2 ). RAVV was not evaluated in this assay. These results indicate that clomiphene and toremifene broadly inhibit filovirus infection in vitro.
Clomiphene and toremifene inhibit infection in vivo
To confirm that the antiviral activity observed with clomiphene and toremifene translated to in vivo EBOV infection, these compounds were evaluated in a murine EBOV infection model using a mouseadapted viral strain (9, 10) . The intraperitoneal inoculation of mouseadapted virus results in the acute onset of severe illness 3 to 4 days after infection, with high-level viral replication observed in the liver and spleen, multifocal hepatic necrosis, and a rapid increase in viremia to titers >10 8 plaque-forming units (PFU)/ml (9, 10). For these studies, female C57BL/6 mice (5 to 8 weeks old) were challenged via intraperitoneal injection with the target virus exposure dose of 1000 PFU of mouse-adapted Ebola virus (ma-EBOV). One hour after infection, the animals were treated with clomiphene, toremifene, or vehicle over a period of 10 days, and survival was monitored out to 28 days. Both compounds were given at a dose of 60 mg/kg by intraperitoneal injection with dosing on days 0 and 1 and a regimen of every-other-day (QOD) dosing thereafter (a total of six treatments). The dose and regimen were selected on the basis of both the acute toxicity and the reported half-life of the compounds being greater than 24 hours (11) (12) (13) . We attempted to select a dose that would avoid acute toxicity but could achieve high enough plasma exposure in the mice to observe a positive effect on survival. For both clomiphene and toremifene, treatment of infected mice resulted in statistically significant survival benefit as shown in the survival plots in Fig. 4 . For clomiphene, 90% of the treated animals survived (P < 0.0001). For toremifene, 50% (P = 0.0441) of the treated animals survived the EBOV exposure.
An additional study was performed with clomiphene using the same dose and regimen to evaluate the treatment response of clomiphene in male versus female mice ( fig. S3 ). Again, clomiphene treatment resulted in a statistically significant survival benefit compared to control animals for both male and female mice. Analysis of time to death indicated that there were no gender differences in response to the clomiphene treatment. In summary, the antiviral activity observed for clomiphene and toremifene translated to a significant survival benefit for mice in a murine EBOV infection model.
Clomiphene inhibition of EBOV infection is independent of ER expression
Considering the large number of SERM compounds that scored as active in our screen, we hypothesized that ER signaling may play a role in EBOV infection. However, ER signaling has not been reported to play a role in EBOV infection, and preliminary observations indicated no differences in response to clomiphene in infected male and female mice ( fig. S3 ). Therefore, we investigated the involvement of the classical estrogen signaling pathway in EBOV infection.
We first determined whether ER-a was expressed in Vero E6 or HepG2 cells before or after clomiphene treatment. Cells were either untreated or treated with clomiphene or vehicle for 1 hour, and then probed for ER expression by Western blotting. We observed no expression of ER-a in untreated or clomiphene-treated Vero E6 or HepG2 cells. Additionally, we looked for expression of the ER-b. Expression was observed in both cell lines, although detected at a much lower level in Vero E6 cells (Fig. 5A) . Treatment with clomiphene did not affect the levels of ER expression.
To further explore any possible role of ER signaling in EBOV infection, we used a panel of cell lines with varying combinations of ER expression (Table 2 and fig. S4 ). Cell lines were infected with eGFP-EBOV, and GFP expression was measured at 48 hours. Two cell lines, the breast cancer cell line ZR-75-1 and the non-small cell lung cancer (NSCLC) cell line H322, were not readily infected with EBOV. Further, two other breast cancer cell lines in the panel, MDA-MB-231 and SK-BR-3, only produced low levels of infection at the multiplicity of infection used for this study. No pattern was observed relating ER expression to infectibility of the cell lines.
After clomiphene treatment of EBOV-susceptible cell lines, we observed a dose-dependent inhibition of eGFP-EBOV infection similar to that seen in Vero E6 and HepG2 cells (Fig. 5B) . Greater than 50% inhibition was observed in all cell lines at the highest dose (3.2 mM), and a dose response was present in all cell lines regardless of the ER status.
Unstimulated human umbilical cord endothelial cells (HUVECs) have been reported to express no ER-a (14-16) and either no (14) or only low levels (16) of ER-b. In our hands, HUVECs did not express either isoform of ER ( fig. S5 ). We found that HUVECs were also readily infected with eGFP-EBOV ( fig. S5 ), and both clomiphene and toremifene inhibited infection with maximum inhibition of around 80% at 10 mM (IC 50 values of 3.5 and 2.5, respectively) (Fig. 5C) . Thus, the lack of ER expression had no impact on the ability of either clomiphene or toremifene to inhibit EBOV infection. Together, these data suggest that clomiphene and toremifene are acting through a pathway independent of the classical estrogen signaling pathway. A survival plot for clomiphene shows 90% of treated animals survived EBOV infection. All animals in the vehicle control group succumbed to disease by day 9. n = 10 for both the vehicle and clomiphene treatment groups. (B) A survival plot for toremifene indicating that 50% of the treated animals survived infection by EBOV. Animals in the vehicle control group succumbed to disease by day 7. n = 7 in the vehicle control treatment group and n = 10 in the toremifene treatment group. The P value for each study was determined by Fisher's exact test. **P < 0.0001; *P < 0.0441. Clomiphene and toremifene inhibit EBOV entry at a step after internalization After the observation that the antiviral effects of clomiphene and toremifene were independent of the classical estrogen signaling pathway, we sought to determine the mechanism of the antiviral activity of these compounds. Much progress has been made on characterizing the EBOV life cycle and interactions with the host cell (17, 18) . As a first step to evaluate how clomiphene and toremifene affect the EBOV life cycle, we evaluated whether the compounds could be inhibiting viral entry, a process mediated exclusively by the EBOV glycoprotein (GP 1,2 ) (18, 19). After GP 1,2 -mediated binding to the host cell surface, EBOV is internalized into endosomes primarily through macropinocytosis (20) . The particles then traffic to late endosomal compartments where low pH-dependent cellular proteases, cathepsins B and L, prime GP 1,2 for subsequent fusion by generating an 18-to 19-kD form of GP 1 (21) (22) (23) . Next, an additional factor (or factors) triggers GP 1,2 to mediate fusion with the endosomal membrane in a process that requires low pH (23) (24) (25) . Host factors involved in the architecture and trafficking of endosomal/lysosomal compartments such as the subunits of the homotypic fusion and vacuole protein sorting (HOPS) complex and, in particular, Niemann-Pick C1 (NPC1), a membrane protein involved in cholesterol egress, have emerged as EBOV entry factors (26) . Studies have shown that the processed GP 1 specifically interacts with NPC1 protein, and expression of NPC1 is required for productive infection (26) (27) (28) . Moreover, expression of NPC1 confers susceptibility to filovirus infection when it is expressed in nonpermissive reptilian cells (28) . The GP 1 /NPC1 interaction appears to be a key step in the entry process, but additional events may also be required to generate a fusionready form of the glycoprotein. Once a fusion-ready form of the glycoprotein has been generated, the GP 2 subunit mediates viral/cellular membrane fusion, and the EBOV nucleocapsids are released into the cell cytoplasm where synthesis of new viral components ensues.
EBOV entry was examined using VLPs expressing the EBOV glycoprotein (GP 1,2 ) and containing a b-lactamase reporter (BLaM) (23, 29) . For these experiments, we used human SNB19 cells, which are negative for ER-a expression and have a low level of ER-b expression according to the National Cancer Institute (NCI) database (http://dtp.cancer.gov/ mtweb/search.jsp). Cells were pretreated with clomiphene, toremifene, or vehicle for 30 min and subsequently cooled on ice. VLPs were then added to the cells in the presence of the inhibitors. After allowing for binding at 4°C, the cells were placed at 37°C to allow for VLP entry and S7 ).
To evaluate whether the entry inhibition observed was specific to VLPs with GP 1,2 , we evaluated VLPs containing the vesicular stomatitis virus (VSV) glycoprotein G (VLP-G) and VLPs containing the lymphocytic choriomeningitis virus glycoprotein (VLP-LCMV) in parallel (Fig. 6, A and B) . VSV viral entry is mediated largely in early endosomes soon after internalization, whereas LCMV entry is mediated in late endosomes (30) . Both clomiphene and toremifene inhibited the entry of VLP-GPs with greater potency compared to the VLP-Gs and VLP-LCMVs. Treatment with clomiphene resulted in 93% inhibition of VLP-GP at 5 mM, compared to 25% inhibition of VLP-G entry and 73% inhibition of VLP-LCMV. Similar results were observed with toremifene. Treatment with 5 mM toremifene resulted in 95% VLP-GP entry inhibition, compared to 10% inhibition of VLP-G and 70% inhibition of VLP-LCMV. Lower concentrations of the compounds, 1 mM for clomiphene and 0.5 mM for toremifene, still strongly inhibited the entry of VLPs containing the EBOV GP 1,2 . In contrast, these concentrations did not affect the entry of the VLPs containing the VSV or the LCMV glycoproteins.
We next asked whether the compounds inhibit EBOV entry because they inhibit particle internalization. To examine this, we used VLPs that contained a fluorescently-tagged VP40 marker. After incubations for VLP binding (at 4°C) and internalization (at 37°C), SNB19 cells were treated with protease to remove VLPs remaining on the cell surface. The amount of fluorescence was then measured. Cells that retained fluorescently-tagged VP40 were therefore scored as positive for VLP internalization. For these experiments, SNB19 cells were treated with clomiphene (5 mM), toremifene (0.8 mM), vehicle, or 50 mM 5-N-ethyl-N-isopropyl-amiloride (EIPA), which is a known inhibitor of macropinocytosis and thus inhibits EBOV VLP internalization (20, 31) . As shown in Fig. 7A , neither clomiphene nor toremifene inhibited VLP internalization. In contrast, treatment of cells with EIPA resulted in a greater than threefold reduction in VLP internalization. The fact that neither clomiphene nor toremifene inhibits VLP internalization implies that neither inhibits VLP binding to or internalization from the cell surface.
Next, we tested whether either clomiphene or toremifene affected the activity of cathepsin B or cathepsin L, the endosomal proteases needed to prime GP 1,2 for cellular entry (22, 23) . Clomiphene and toremifene were added to cells for 3 hours at 5 and 0.8 mM, respectively. Epoxysuccinylleucylamido-3-methylbutane ethyl ester (EST; a cysteine protease inhibitor) was used as a positive control for cathepsin inhibition (23) . The cells were lysed and assayed for enzyme activity (26, 32) . We found that neither clomiphene nor toremifene inhibited the activity of either cathepsin B or cathepsin L (Fig. 7B and fig. S8 ). Thus, these compounds are not inhibiting the cathepsin enzymes that prime EBOV GP 1 .
We also evaluated whether clomiphene or toremifene affected endosome acidification, which is needed for EBOV entry for cathepsin priming of GP 1 and perhaps for GP 2 -mediated viral fusion (24, 33) . Endosome acidification was assessed in SNB19 cells with LysoTracker Red, which is a probe for low-pH organelles. Cells were treated with vehicle, clomiphene (5 mM), toremifene (0.8 mM), or NH 4 Cl (10 mM), the latter as a positive control for inhibition of acidification. Although we observed strong inhibition of acidification with NH 4 Cl, we observed no inhibition with clomiphene or toremifene (Fig. 8) .
Our results show that clomiphene and toremifene inhibit EBOV VLP entry with some specificity to GP 1,2 . The inhibition observed with clomiphene and toremifene occurred after binding and internalization and was not due to effects on either endosomal cathepsins or endosomal acidification. This suggests that these compounds could be inhibiting either VLP trafficking to the late endosome where fusion occurs or a step in the triggering of fusion. To investigate these possibilities, we looked at the impact of the compounds on VLP trafficking to late endosomes/lysosomes. SNB19 cells were allowed to internalize VLP-GP 1,2 in the presence of clomiphene, toremifene, or vehicle. The colocalization of the VLPs with the late endosome/lysosome maker lysosomal membrane protein 1 (LAMP1) was then assessed (Fig. 9) . The results indicate that neither clomiphene nor toremifene had a meaningful impact on VLP-GP 1,2 trafficking to LAMP1 + late endosomes. The VLPs were observed to colocalize with LAMP1 in the late endosome.
DISCUSSION
Multiple SERM compounds were identified as new and specific inhibitors of EBOV infection from a screen of approved drugs and mechanistic probes. The aim was to characterize the anti-filovirus activity of two ER antagonist compounds: clomiphene and toremifene (5). Our results indicate that both clomiphene and toremifene broadly inhibit filovirus infection, with in vitro activity observed against native isolates of EBOV/Kik, EBOV/May, SUDV, MARV, and RAVV. Moreover, a statistically significant survival benefit was observed for both clomiphene and toremifene in a murine EBOV infection model. Because of the long half-life of these compounds, they were administered in a modified QOD dosing regimen, giving rise to the potential for the development of a once-daily or QOD regimen to treat Ebola virus disease in humans.
Although we initially identified the ER antagonist compounds on the basis of their collective known mechanism of action, our results indicate that these compounds are mediating their antiviral effects through cell-based mechanisms unrelated to the classical estrogen signaling pathway. First, various cell lines were susceptible to EBOV infection regardless of their expression (or lack of expression) of ER-a or ER-b, or both isoforms. Second, a study in the murine infection model indicated no gender differences in the response to clomiphene treatment.
Our data with filamentous VLPs further demonstrate that these compounds inhibit viral infection through an ER-independent mechanism. The compounds inhibit viral entry of VLPs bearing Ebola GP 1,2 in a dose-dependent manner in SNB19 cells. The observed entry inhibition occurs after viral binding and internalization and does not involve inhibition of cathepsin enzyme activity, endosome acidification, or trafficking to late endosomes/lysosomes. Thus, these compounds are likely affecting GP 1,2 viral fusion.
The ER antagonist drugs identified in our screen-clomiphene, toremifene, tamoxifen, and raloxifene-are structurally similar (5) and can be classified as class II cationic amphiphiles (CADs). CADs contain a hydrophobic tertiary amine with clearly segregated hydrophobic and hydrophilic segments. Our results here along with other studies indicate that CADs inhibit EBOV entry (26, 32) .
In further support of clomiphene and toremifene interfering with filoviral fusion, we have observed that higher concentrations of clomiphene and the other CADs are required for inhibition in EBOV pseudovirus infection studies in cells overexpressing the EBOV entry factor NPC1, compared to parental cells (32) . These results support a mechanism where clomiphene and other CADs mediate EBOV inhibition at a later step in the entry process.
It is not known whether clomiphene and toremifene (or other CADs) interact directly with NPC1 or mediate their effects indirectly through NPC1. Coimmunoprecipitation assays indicate that clomiphene and CAD compounds do not disrupt the interaction between primed GP 1 and NPC1, which occurs before viral fusion (32) . The CAD compound U18666A has been shown to interact with purified NPC1 (34), but not block GP 1 binding to NPC1 (27, 32) . Clomiphene and toremifene could mediate the entry block indirectly through NPC1 by targeting other endosomal/lysosomal proteins involved in the cholesterol uptake pathway whose function may be regulated by NPC1 (32) .
The modulation of these endosomal enzymes and the impact on endosomal membrane composition may account for the entry inhibition observed with VLP-LCMV after treatment with higher concentrations of clomiphene or toremifene. Like EBOV, LCMV entry relies on trafficking through the endosomal system with entry mediated through the late endosome. The endosomal membrane composition may be modified such that it affects LCMV fusion, perhaps in a manner similar to dengue virus, which is known to rely on negatively charged phospholipids, specifically lysobisphosphatidic acid, for fusion triggering (35) . It will be interesting to evaluate the activity of other CADs in VLP-LCMV entry assays.
Although this characterization of anti-filovirus activity of clomiphene and toremifene shows the potential for their use to treat Ebola virus disease, additional evaluation of these drugs in the NHP infection model is required to fully validate their use in a clinical setting. Both drugs showed activity in the murine infection model; however, many drugs that are active in this model have not proved efficacious in the NHP model (36) .
Still, the ER antagonists clomiphene and toremifene are FDAapproved drugs with oral availability, good safety, and tolerability profiles and a long history of use. These drugs have good plasma exposure and bioavailability, making them excellent candidates for repurposing efforts for use for the treatment of Ebola virus infection (11, 12) . The study presented here highlights the benefits of screening approved drugs to identify candidates for drug repurposing for filoviruses. A successful drug repurposing effort for either clomiphene or toremifene for filovirus disease would support the use of this approach to identify therapeutics for other viral threats as well as for rare and neglected diseases. The approved drug status of clomiphene and toremifene may allow them to be rapidly developed for use with filovirus disease. The oral availability of these drugs offers great utility in the resourceconstrained geographical regions where outbreaks of filoviral infection frequently occur. Current efforts are focused on the development of these drugs as a medical countermeasure alone or through synergistic combinations with other antiviral drugs identified in the same drug screen.
MATERIALS AND METHODS
Study design
Drug screening and the evaluation of clomiphene and toremifene for in vitro entry assays occurred in a blinded fashion, with the compound identities unknown to the experimenters. For all studies with live virus, a minimum of two replicates were performed on separate days. For entry studies, two to three replicates were performed on the same day. For in vitro studies with microscopy, 10 random image fields were analyzed. Outlier data points were defined as a value > median + 3s and were excluded from calculations.
Raw phenotype measurements T from each treated well were converted to normalized fractional inhibition I = 1 − T/V relative to the median V of vehicle-treated wells arranged around the plate. After normalization, average activity values were calculated between replicate measurements at the same treatment doses along with s 1 , the accompanying standard error estimates. Drug-response curves were represented by a logistic sigmoidal function with a maximal effect level (A max ), the concentration at half-maximal activity of the compound (EC 50 ), and a Hill coefficient representing the sigmoidal transition. All curve fits were through the 0 concentration point; however, the display range may not show this in all cases. We used the fitted curve parameters to calculate the concentration (IC 50 ) at which the drug response reached an absolute inhibition of 50%, limited to the maximum tested concentration for inactive compounds.
For in vivo studies, sample sizes were selected to minimize the number of animals needed while obtaining a statistically significant result. Animals were randomly assigned to study arms. Animal studies were not blinded to the study investigators but were blinded to personnel performing treatment injections. Cage weights were used to determine an average mouse weight for treatment purposes.
Ethics statement
Animal research was conducted under an Institutional Animal Care and Use Committee-approved protocol at the U.S. Army Medical Ebola virus isolates Kikwit (EBOV-95 or EBOV/Kik), Mayinga (EBOV-76 or EBOV/May), eGFP-EBOV, SUDV, MARV, and RAVV were replicated in Vero E6 cells at 90 to 100% confluency. Cells were inoculated with an approximate multiplicity of infection of 0.1 from historical stocks, and the medium was replaced 72 hours after inoculation. Cells were monitored for cytopathic effects, and the supernatant was collected once 95 to 100% of the cells had detached from the surface. The cell supernatant was clarified by centrifugation at 1200 rpm for 10 min at 4°C, and aliquots were placed at −80°C storage until further use.
Screening assay
The screening assay for EBOV used a genetically engineered Zaire strain of Ebola virus expressing eGFP, eGFP-EBOV, described in (4) and was provided by J. Towner of the CDC. For all screening experiments, Vero E6 or HepG2 cells were plated in 96-well plates at a density of 40,000 cells per well in a total volume of 100 ml per well and incubated overnight at 37°C, 5% CO 2 . Next, 50 ml of prediluted compounds was added at a 4× concentration to each well to achieve the desired final concentration. Finally, 50 ml of the indicated virus (corresponding to an approximate multiplicity of infection of 0.01) was added to cells. These assay plates were centrifuged at 2000 rpm for 5 min and were incubated for 48 hours at 37°C, 5% CO 2 . After this incubation, the amount of eGFP in each well of the infected plates was determined with a spectrofluorometer from Molecular Devices (excitation: 485 nm, emission: 515 nm, cutoff: 495 nm). Antiviral activity was calculated by the inhibition of eGFP compared to mock-treated control cells.
The compound responses for SERM compounds were tested at three concentrations in the preliminary screen for eGFP-EBOV. The in vitro anti-EBOV activity was confirmed by testing clomiphene and toremifene compounds at seven serially diluted doses in both Vero E6 and HepG2 cells.
To confirm that a decrease in fluorescence correlated with the inhibition of viral replication and not an increase in cell death, a counter screen was run in tandem using uninfected Vero E6 or HepG2 cells. Cells were seeded in 96-well plates as described above and incubated overnight at 37°C, 5% CO 2 . The following day, cells were treated with compound and mock-infected with medium. After 48 hours of incubation, cell viability was assessed with the Promega CellTiter-Glo Luminescent Cell Viability Assay Kit. This assay provides a quantitative measure of the levels of adenosine triphosphate (ATP) in the cell cultures in each well, with higher levels of ATP correlating with greater cellular viability. Thus, a compound with antiviral activity is expected to inhibit the levels of fluorescence measured with minimal effect on the ATP levels measured by the CellTiter-Glo assay.
Yield reduction assay
To exclude the possibility that antiviral activity observed with clomiphene and toremifene was specific to the engineered eGFP-EBOV strain, which is somewhat attenuated in vivo (8), we tested the antiviral activity of clomiphene and toremifene against two different species of Ebolavirus, namely, EBOV/Kik and SUDV, as well as in the single Marburgvirus species, Marburg marburgvirus (MARV). These viruses were used to infect Vero E6 cells in the presence of vehicle, clomiphene, or toremifene (concentration ranges of 0.2 to 50 mM); 48 hours after viral infection, cell culture supernatants were collected. To determine whether the cell culture supernatants treated with clomiphene or toremifene had an impact on viral proliferation in comparison to controls, we used qRT-PCR to evaluate virus titer.
Quantitative RT-PCR Quantitative RT-PCR to detect the nucleoprotein of EBOV/Kik, SUDV, and MARV was performed as previously published (40) . Viral supernatants were inactivated with Trizol-LS (Invitrogen; 10296-028) before removal from BSL-4, and viral RNA was purified using the Qiagen Viral RNA Mini Kit per manufacturer's directions. Purified RNA was suspended in deoxyribonuclease-and ribonuclease-free water and stored at −80°C until further use. The qRT-PCR assay used was previously published (40) . The primers and probes used in this assay are commercially available and were purchased from Life Technologies (Applied Biosciences): MARV primer (Life Technologies/ Applied Biosciences, reference F4573T and R4638G); MARV probe (Life Technologies/Applied Biosciences, reference MBG P461CT); EBOV primer (Life Technologies/Applied Biosciences, reference F1542 and R1621); EBOV probe (Life Technologies/Applied Biosciences, reference P597S); SUDV probe (Life Technologies/Applied Biosciences, reference P1079S); SUDV primer (Life Technologies/Applied Biosystems, reference R1625 and F1545). PFU equivalents were determined using a known virus concentration (determined by plaque assay) whose RNA was extracted and was 10-fold serially diluted. The sensitivity of the assay was determined to be 0.04 genome copies/ml.
Clomiphene and toremifene were evaluated across the viral species using a threefold dilution scheme of compound to generate six serial dilutions starting at 50 mM. Compound dilutions were added to the cell plate for 1 hour before viral infection; after infection, plates were incubated for 48 hours at 37°C, and then cell supernatants were collected for qRT-PCR. At least two or more experimental replicates with multiple internal replicates were performed for each of the compound treatments.
Native strain ELISA Vero E6 cells were plated in 96-well plates at a density of 40,000 cells per well in a total volume of 100 ml per well and incubated overnight at 37°C, 5% CO 2 . Next, 50 ml of prediluted compounds was added at a 4× concentration to each well to achieve the desired final concentration. Finally, 50 ml of EBOV/Kik, EBOV/May, SUDV, MARV, or RAVV was added to cells. Cells were infected with a multiplicity of infection of 0.1 for SUDV, 0.5 for RAVV, 0.1 for MARV, and 0.4 for EBOV. After 48 hours of incubation, cells were fixed with 10% buffered formalin for 24 hours. Plates were then washed three times with PBS and blocked with 3% bovine serum albumin or 3% milk for 1 hour at room temperature. Virus was detected with an appropriate virusspecific monoclonal antibody (mAb) to probe for virus glycoprotein. For EBOV isolates, 13C6 antibody was used at 1:2000 dilution; for SUDV, the C310 mAb was used at 1:20,000 dilution; for MARV, the 9G4 mAb was used at 1:8000 dilution; and for RAVV, the 9E12 antibody was used at 1:2000 dilution. The assays were incubated with primary antibody for 2 hours at room temperature, followed by three PBS washes. A horseradish peroxidase (HRP)-conjugated goat antimouse secondary antibody (KPL, cat. #074-1802) was added at 1:4000 dilution for SUDV and EBOV, at 1:2000 dilution for RAVV, and at 1:8000 dilution for MARV. Assay plates were incubated for an additional hour at room temperature and then were washed three times with PBS. Cells expressing viral glycoprotein were detected with the Pierce SuperSignal ELISA Pico Chemiluminescent Substrate Kit (Thermo Scientific, cat. #37069), and assay plates were read on a luminescent plate reader (SpectraMax M5, Molecular Devices). Control plates with mock-infected Vero E6 cells were run in parallel as described above.
Western blotting
Vero E6 and HepG2 cells were treated with clomiphene (2.5 and 0.75 µM, respectively), vehicle (DMSO), or left untreated for 1 hour at room temperature. Adherent cells were washed with ice-cold PBS and collected in radioimmunoprecipitation assay buffer (Sigma-Aldrich) with HALT protease (10 mg/ml) and phosphatase inhibitor cocktail (Thermo Fisher). Lysates were held on ice for 10 min and then clarified at maximum speed in a tabletop centrifuge for 10 min. Lysates of untreated NSCLC cells, breast cancer cells, and HUVECs were collected in the same manner from untreated cells. With the exception of HUVEC lysates, protein concentration was determined with the Quick Start Bradford protein assay (Bio-Rad), and equal protein aliquots were resolved using Mini-PROTEAN TGX gels (Bio-Rad) and then transferred onto nitrocellulose using the iBlot system (Invitrogen). After transfer, the membranes were immunoblotted with primary antibody and detected with HRPconjugated secondary antibody (Cell Signaling Technology) and enhanced chemiluminescence reagent (Thermo Fisher). Immunoblots were imaged using the ChemiDoc XRS+ system (Bio-Rad).
Murine Ebola infection model
The murine Ebola infection model has been described previously (9, 10). Ma-EBOV was obtained from M. Bray, Virology Division, USAMRIID. C57BL/6 mice (5 to 8 weeks old) were obtained from NCI (Frederick, MD) and housed under specific pathogen-free conditions. C57BL/6 mice were exposed with a target dose of 1000 PFU of the ma-EBOV by intraperitoneal injection in a BSL-4 laboratory. One hour after challenge, the animals were treated with either clomiphene or toremifene. The compounds were dissolved in DMSO at a 20× concentration and further diluted in PBS to a final formulation of 5% DMSO/PBS. Both compounds were administered to animals by intraperitoneal injection with a total injection volume of 200 ml. Animals in the vehicle control groups were administered a solution of 5% DMSO/PBS with no drug. Animals were treated on days 0, 1, 3, 5, 7, and 9 (a total of six separate treatments). Animals were monitored for survival for a total of 28 days after infection. The P value was calculated using Fisher's exact test (with step-down Bonferroni adjustment where necessary) to compare the compound-treated groups and vehicle-treated control groups. A P value of <0.05 indicates a significant difference between experimental groups.
Statistical methods
For animal studies evaluating the efficacy of just clomiphene or toremifene in a single gender (female mice), the mean time to death was analyzed by analysis of variance comparing only those mice that succumbed before the study end. Due to the sample sized used for these studies, differences in overall survival between treatment and vehicle control groups were evaluated using Fisher's exact test (with step-down Bonferroni adjustment where necessary). A P value of <0.5 indicates a significant difference between experimental groups.
For the animal study evaluating both genders, Kaplan-Meier curves were used to determine whether there were statistically significant differences in survival for the two treatment groups. The Kaplan-Meier curves were evaluated using the log-rank test for overall homogeneity.
Pairwise comparisons were also made using the log-rank test with a post hoc Tukey-Kramer adjustment for multiple testing.
Time to death was analyzed by analysis of variance comparing only those mice that succumbed before the study end. A model fitting time to death using gender treatment and gender × treatment interaction was evaluated to determine whether gender × treatment interaction had an effect on time to death. In the absence of an interaction effect, the model was rerun without interaction.
As indicated above, the differences in overall survival between treatment and control groups were evaluated using Fisher's exact test. All statistics conform to the journal's policy.
Virus-like particle preparation
For VLP entry, internalization, and trafficking assays, Ebola virus VLPs were prepared by transfecting HEK 293T cells using polyethylenimine (41) with four plasmids: one encoding VP40 with b-lactamase fused to its N terminus, one encoding VP40 with mCherry fused to its N terminus (32) , one encoding untagged VP40, and a fourth encoding codon-optimized full-length EBOV (Mayinga strain) GP 1,2 (pDisplay/ GPco). The plasmids were transfected at a ratio of 9:9:4:6, respectively. SUDV VLPs were generated in an identical fashion, but with the substitution of a plasmid encoding full-length SUDV GP (Boniface strain). VLPs with other viral glycoproteins were made by inclusion of plasmids encoding either VSV-G or LCMV GP (in place of a plasmid encoding a filoviral glycoprotein). For EBOV GP VLPs, transfected cells were treated with 10 mM sodium butyrate, at 4 hours posttransfection (hpt), to boost GP expression. Culture supernatant at 24 hpt was collected and replaced with fresh media (with sodium butyrate for EBOV GP VLPs). A second harvest was conducted at 48 hpt. Both harvests were pooled and cleared of cell debris by two sequential centrifugations at 1070g for 10 min at 4°C. VLPs in the cleared supernatant were then pelleted through 20% sucrose [in 20 mM Hepes, 130 mM NaCl, pH 7.4 (HNB)] at 112,398g (25,000 rpm) in an SW28 rotor for 2 hours at 4°C. Pelleted VLPs were then resuspended overnight in 10% sucrose (in HNB; 1 / 100 of original volume of culture medium collected), aliquoted, and stored at −80°C. All VLPs were assessed on Western blots for the presence of glycoproteins and VP40 proteins.
EBOV entry and internalization assays
The b-lactamase (BlaM) entry assay (42) was adapted for assessing effects of candidate inhibitory compounds on EBOV VLP entry as follows. About 24 hours before each experiment, 100,000 SNB19 cells were plated in each well of a 48-well dish. Cells were then pretreated for 30 min with the indicated concentration of inhibitor or with DMSO vehicle in Opti-MEM I (OMEM) medium (Gibco BRL). These drug concentrations were maintained in all subsequent steps of the experiment until CCF2/AM substrate loading. After the preincubation period, the cells were cooled on ice for 15 min and 10 ml of VLPs (in OMEM ± inhibitor) was added. VLPs were concentrated at the cell surface by spinfection at 4°C at 250g for 60 min. Cells were then washed twice with OMEM ± inhibitor and placed in a 37°C incubator for 3 hours to allow entry to occur. Cells were then washed with loading medium (phenol red-free DMEM containing 25 mM Hepes, 10% FBS, 2.5 mM probenecid, 200 nM bafilomycin, and 2 mM L-glutamine) and loaded with 1 µM CCF2/AM dye (Gene Blazer loading kit, cat. #K1095, Invitrogen) in loading medium for 1 hour in the dark at room temperature. Next, the plates were washed with loading medium and incubated overnight in the dark at room temperature in loading medium supplemented with 10% FBS. Cells were fixed and then analyzed (on the same day as fixation) by flow cytometry with a FACSCalibur flow cytometer (BD Biosciences). When CCF2/AM is cleaved by b-lactamase, its fluorescence shifts from green to blue (43) . The percent of cells showing VLP entry was calculated as the ratio of the number of blue cells to the total number of cells gated (those containing CCF2/AM dye) subtracting off backgrounds in samples without VLPs.
VLP internalization was assessed using the same stock of VLPs, but relying on their content of mCherry-VP40 instead of b-lactamase-VP40 (32) . In brief, after spinfection and a 1-hour warm-up period, cells were treated with protease to remove VLPs remaining on the cell surface. Samples were then analyzed by flow cytometry to determine the percentage of cells with fluorescent mCherry-VP40 signal, representing internalized VLPs. Cells maintained at 4°C (to prevent internalization) were used as controls to confirm efficacy of protease stripping of VLPs remaining on the cell surface. Cells were analyzed with a LSR Fortessa flow cytometer (BD Biosciences). All flow cytometric data for both the VLP internalization and entry assays were analyzed with the FlowJo software package.
Cathepsin activity and endosome acidification assays Cathepsin B activity in cell lysates was assayed with the cathepsin B substrate Z-Arg-Arg-7-AMC (Calbiochem), as described in (44) . Cathepsin L was assayed in the same manner as cathepsin B, but with the cathepsin L substrate Z-Phe-Arg-7-AMC (Calbiochem) in the presence of 1 mM CA074, a cathepsin B inhibitor (Calbiochem). Combined activity of cathepsin B plus cathepsin L was assayed as above using the cathepsin L substrate in the absence of any inhibitor. Endosomal acidification was assessed with LysoTracker Red (Molecular Probes) as a probe for low-pH organelles. Cells were pretreated with or without inhibitor (as indicated) for 1 hour at 37°C and then incubated with 50 nM LysoTracker Red for an additional 30 min (± inhibitor). Cells were fixed with 4% paraformaldehyde and analyzed by fluorescence microscopy.
In vitro EBOV trafficking assays SNB19 cells were pretreated with either DMSO, 2.5 mM clomiphene, or 1 mM toremifene for 1 hour. VLP-GP was then spinfected onto cells for 1 hour, after which the cells were warmed for 2 hours (in the presence of DMSO or compound) and then fixed. The cells were then permeabilized and stained for LAMP1 with mAb H4A3 (Developmental Studies Hybridoma Bank) followed by Alexa Fluor 488 antimouse mAb (Invitrogen, Molecular Probes). The cells were mounted and then imaged by confocal microscopy. Ten random image fields per sample were analyzed using the JACoP plugin on ImageJ. Autothresholds were subtracted for each component 8-bit channel. Colocalization of VLPs (marked by mCherry-VP40) and LAMP (Alexa Fluor 488) was reported as the average Mander's overlap coefficient.
SUPPLEMENTARY MATERIALS
www.sciencetranslationalmedicine.org/cgi/content/full/5/190/190ra79/DC1 Fig. S1 . SERMS inhibit EBOV infection in vitro. Fig. S2 . The activity of clomiphene and toremifene against native strains of filoviruses using qRT-PCR. Fig. S3 . Kaplan-Meier survival curves for clomiphene in both male and female mice infected with a mouse-adapted Ebola virus. Fig. S4 . Western blot analysis showing ER-a and ER-b expression in cell line panel. 
